Objectives. Th yroid gland regulates the body's metabolic rate and plays an exquisitely important role in the human health. Fluoride exposure can aff ect thyroid function. Curcumin is a potent antioxidant that works through several mechanisms. Th e aim of the present study was to demonstrate the hormonal, histological, and ultrastructural changes occurred in the thyroid gland induced by exposure to sodium fl uoride (NaF) and study the possible protective eff ect of curcumin on the NaF-induced eff ects.
Th e thyroid gland regulates the body's metabolic rate and plays an exquisitely important role in human health (Gartner and Hiatt 2007) . Th e thyroid hormones triiodothyronine (T3) and thyroxine (T4) are tyrosine-based hormones produced by the gland that are primarily responsible for regulation of metabolism (de Felice et al. 2004) . Iodine is necessary for the production of T3 and T4 ( Nabavi et al. 2011) . Th e thyroid hormones act on nearly every cell in the body. Th ey are essential to proper development and diff erentiation of all the cells in the human body (Jayaprakasha et al. 2006) . All metabolically active cells require thyroid hormone for proper functioning. Th yroid disruption may have a wide range of eff ects virtually on every system of the body ( Patil and Dhurvey 2015) .
Fluoride exposure may infl uence the thyroid function in some individuals (Carton 2006) . Sodium fl uoride (NaF) is commonly added to drinking water and decay-preventive ingredients. Foods rich in fl uoride include sea food, bony meals, rice, and dark green vegetables such as the tea plant (Petersen and Lennon 2004) . Egypt is one of top 21 countries that have problems with endemic fl uorosis, where the main pathway of fl uoride exposure is the ingestion of tap water from contaminated groundwater sources (Ng et al. 2003) . Exposure to NaF leads to some adverse eff ects on various organs (Shepherd 2005) . Th e thyroid gland is one of the most sensitive organs in its histopathological and functional responses to excessive amounts of fl uoride (Carton 2006) . Th e fl uoride aff ects several parameters of thyroid activity and development (Irizarry et al. 2014) .
Several non-enzymatic antioxidants, such as curcumin, possess protective eff ects against toxicity (Nabavi et al. 2011) . Curcumin is the principal curcuminoid of turmeric, which is a member of the ginger family (Zingiberaceae) (Manolova et al. 2014) . It works through several mechanisms and as it has been found to slow or stop enzymes that cause infl ammation, like cyclooxygenase-2 and 5-lipooxygenase (Surh et al. 2001) . Studies have shown that curcumin can modulate over 700 diff erent genes (Kita et al. 2008; Bishayee and Khuda-Bukhsh 2013; Manolova et al. 2014) .
Th e aim of this study was to demonstrate the hormonal, structural, and ultrastructural changes occurred in the thyroid gland induced by exposure to NaF and study the possible protective eff ect of curcumin on the NaF-induced eff ects.
Materials and Methods
Animals. Th irty males Sprague Dawley albino rats aged 6-8 weeks, weighing 150-200 g and pathogenically free were obtained from the animal house of the anatomy department, Faculty of Medicine, Minia University. Rats were acclimatized for 7 days before starting the experimental procedures. Aft er getting an ethical committee clearance, all the rats were handled in accordance with the standard guide for the care and use of the laboratory animals of Minia Faculty of Medicine.
Reagents. All reagents were obtained from Sigma Company (Sigma Aldrich, Cairo, Egypt). Sodium fl uoride (NaF) was provided in a white powder form and dissolved in drinking water. Curcumin was provided in a powder form and diluted in corn oil.
Experimental design. Animals were randomly and equally divided into 3 groups (10 rats each) as following: the control group -rats received distilled water for 2 weeks; NaF group -rats received NaF in drinking water administered through a gastric tube (Patil and Dhurvey 2015) in a dose of 15 mg/kg b.w./ day for 2 weeks; NaF+Curcumin (NaF+Cur) grouprats received curcumin by gastric tube in a dose of 100 mg/kg/day for one week before receiving NaF (15 mg/kg/day) and it was continued concomitantly with NaF for another 2 weeks (El-Marakby and Ismail 2013).
Hormonal assay. By the end of the study, blood samples were collected from all rats and centrifuged. Th en the sera were separated and stored at -20 °C until analysis. Th e serum levels of T3 and T4 were determined by chemiluminescence immunoassay using commercial kits (Bunkyo-ku, Tokyo, Japan) (Whithead et al. 1983) . Th e serum thyroid stimulating hormone (TSH) levels were assayed by radioimmunoassay (Tietz 1994) .
Hematoxylin and Eosin (H&E) staining. Specimens were taken from the thyroid and fi xed in 10% formal saline for 24 h, dehydrated in ascending grades of alcohol, cleared with xylene, and embedded into paraffi n. Th en 5-6 μm sections were cut and stained with H&E (Bancroft and Gamble 2008) .
Semithin sections and ultrastructural study using transmission electron microscopy (TEM). Th yroid specimens removed from 3 groups were fi xed with 1% glutaraldehyde/1% paraformaldehyde in 1% buff ered osmium tetroxide solution. Th e fi xed tissues were post-fi xed with osmium tetraoxide and incubated overnight in uranyl acetate. Th en, they were embedded into an Araldite-502. Semithin sections of 1 μm thickness were cut using a Zeiss microtome and stained with 1% toluidine blue for light microscopic examination. Subsequently, the specimens were dehydrated through an ascending series of ethanol, treated with propylene oxide, and embedded into an epoxy resin. Aft er heat polymerization, ultrathin sections were cut with a glass knife using an ultramicrotome and double-stained with uranyl acetate and lead citrate (Graham and Orenstein 2007) .
Image capture. H&E and semithin section images were digitally captured in bright-fi eld mode using a high-resolution color digital camera mounted on an Olympus microscope (Olympus, Japan), connected to computer and then analyzed using Adobe Photoshop in Histology Department, Faculty of Medicine, Min-ia University. Electron microscopic specimens were examined and photographed by a TEM (JEOL, Japan) in Assiut University Electron Microscopic Unit.
Statistical analysis. Statistical analysis was done by SPSS version 19 (SPSS Inc., Chicago, IL, USA). Th e mean number (MN) and standard deviation (SD) were determined for quantitative parameter in each group. Th e signifi cance of diff erences observed in these groups was pooled and assessed by ANOVA test and post HOC test. Th e probability (p) of less than 0.05 was used as a cut off point for all signifi cant tests.
Results
Biochemical results (Table 1) . Serum T3 and T4 levels showed a signifi cant decrease in NaF group compared to the control group (p=0.030, 0.001; respectively). While NaF+Cur group showed a significant increase compared NaF group (p=0.040, 0.01; respectively) with no signifi cant diff erence compared to the control group (p=0.325, 0.670; respectively).
Serum TSH levels were signifi cantly increased in NaF group compared with the control group (p=0.005) and NaF+Cur group (p=0.007). While no signifi cant diff erence was observed between NaF+Cur group and the control group (p=0.670).
Histological results. Control group. H&E (Figures 1 , 2) and semithin ( Figure 3 ) sections of the control group showed normal architecture; the gland was formed of variable sized follicles arranged in lobules with the large follicles at the periphery and encapsulated by a connective tissue capsule. Lumina were fi lled with colloid and surrounded by a single layer of fl attened to cuboid cells. Th e C-cells were noticed either adjacent to follicles (para-follicular) or in groups between follicles (inter-follicular). Th e lining follicular cells were mostly cuboid in shape and had central rounded vesicular nuclei.
Ultrastructural fi gures (Figures 4, 5) showed the cuboid follicular cells with large rounded euchromatic nuclei and numerous apical short microvilli projected into the lumen. Th ey were resting on regular basement membrane. Th e cytoplasm contained multiple mitochondria of variable sizes, well-developed paralleled cisternae of the rough endoplasmic reticulum, numerous free ribosomes, and pinocytotic vesicles.
NaF group. H&E (Figures 6, 7) and semithin (Figures 8, 9 ) sections of NaF group showed variable and patchy morphological changes; loss of lobular architecture, variable sized follicles that varied from very large to too small ones. Some of the follicles were ballooned with reduction of colloid or completely empty lumina ( Figure 6 ). Most of epithelial lining of follicles were fl attened. Some cells appeared with deep acidophilic cytoplasm and small condensed nuclei; apoptotic fi gures, and others were exfoliated in the lumen leaving areas of denuded basement membrane (Figure7). Numerous cells of the epithelium lining showed marked vacuolations of cytoplasm ( Figure  8 ). Some adjacent follicles had fused lumina due to follicular membrane disruption and blood capillaries were congested (Figures 7, 9) .
Ultrathin sections showed that most of the cells were represented by fl at squamous cells with irregular nuclei, thickening of the basal lamina, and infrequent scattered microvilli (Figure 10 ). Some follicular cells were cuboid and had irregular nuclei with heterochromatin and dilatation of almost cisternae of the rough endoplasmic reticulum. Numerous cytoplasmic vacuoles and infrequent scattered microvilli were also noticed (Figure 11) . Th e cytoplasm of the follicular cell showed multiple swollen mitochondria with disrupted cristae (Figure 12a ), dilated cisternae of the rough endoplasmic reticulum, numerous vacuoles in the cytoplasm, and apical lysosomes (Figure 12b) . Interestingly, some follicles were lined with stratifi ed more than one layer of cells. Th e basal cell showed small dense nucleus and dilated rough endoplasmic reticulum, while the upper cell showed numerous Table 1 Serum triiodothyronine (T3), thyroxine (T4), and thyroid-stimulating hormone (TSH) levels in the studied groups.
Group
Control NaF NaF+Curcumin Notice the large rounded euchromatic nuclei (N), numerous short microvilli (red arrows), and the basement membrane (short arrow). TEM ×2 900. Figure 5 . A follicular cell with paralleled cisternae of rough endoplasmic reticulum (r), large rounded euchromatic nucleus (N), numerous mitochondria (arrows) and short apical microvilli (MV). TEM ×14 000.
Photomicrographs of thyroid tissue from rats of NaF group showing: Figure 6 . Loss of lobular architecture, numerous small sized follicles, some follicles were ballooned with absence of colloid (arrows), and vascular congestion (star). Pt; parathyroid gland. H&E ×40. Figure 7 . Th e epithelial lining of follicles; some cells with deep acidophilic cytoplasm and small condensed nucleus (black arrow), others were fl attened (green arrow), areas of degenerations of the basement membrane (red arrow). Notice the desquamated cells in the lumen (circle) and vascular congestion (star). H&E ×400. apical lysosomal granules ( Figure 13 ). Some follicles appeared with denuded areas of basement membrane aft er desquamation of cells. Th eir lumina appeared devoided of colloid and fi lled with remnants of the desquamated cells (Figure 14) . NaF+Curcumin group. Th e curcumin treated group showed restoration of the normal histological structure. Normal lobular architecture was restored, follicles of variable sizes were observed, lumina of most follicles were fi lled with colloid ( Figure 15) . Th e follicular wall was intact and follicles were lined with a single layer of cuboid cells with some fl at squamous cells. Inter-follicular cells were present between the follicles (Figures 16, 17) . Most follicles were lined with cuboid cells containing large rounded euchromatic nuclei and apparently normal numerous mitochondria with intact cristae, numerous apical microvilli, and lysosomes with myelin fi gures. Th e basement membrane appeared more or less like normal (Figure 18) .
Discussion
Laboratory results of this study showed that exposure to fl uoride in the NaF group caused a signifi cant reduction in serum levels of T3 and T4 with a signifi cant compensatory increase in TSH compared to the control group. While administration of curcumin showed signifi cant reduction of TSH level compared to NaF group toward the normal levels. Th e NaF af-fected the thyroid homeostasis by competitively inhibiting iodide uptake at the sodium iodide symporter of the thyroid gland, which resulted in a decreased synthesis of the thyroglobulin and reduced circulating thyroid hormone levels (Rillema et al. 2000; Bouaziz et al. 2004; Khan et al. 2005; Nabavi et al. 2011 ).
In the current work, alterations in the thyroid gland function in the NaF group were confi rmed by the histological fi nding of the thyroid tissue. Th e sections showed diff erent morphological features: disorganized follicles of diff erent diameters where some follicles became largely distended and ballooned. Th e increase in size of follicles when trophic signals or functional demand increased was considered as an adaptive change to fulfi ll needs (Durrant-Peatfi eld 2005). Most of the follicles were small in size. Beside the degeneration signs observed in this study they were in line with the results of Mohamed et al. (2016) and Liu et al. (2002) . Th e decreased height of cells (from cuboid to squamous) refl ected the decreased activity of the follicular cells (Junqueira and Carneiro Electron photomicrographs of NaF group showing: Figure 10 . A follicle lined with fl at cells (arrows). Notice irregular nuclei (N), sparse microvilli (MV), absence of colloid (L) and the congested blood capillary (star). TEM ×2 900. Figure 11 . A follicular cell (red arrow) with irregular heterochromatic nucleus (N). Th e other cell (black arrow) showing dilatation of almost cisternae of rough endoplasmic reticulum (r) with numerous vacuoles (V). Notice infrequent microvilli (mv). TEM ×5 800. Figure 12 . a) Swollen mitochondria with disrupted cristae (arrows). TEM X19000; b) Numerous cytoplasmic vacuoles (green arrow), dilated rER (r), and apical lysosome (red arrow). TEM ×10 000. Figure 13 . Th yroid follicle lined with stratifi ed cells, the basal cell (red arrow) shows dense small nucleus (n), the superior cell shows numerous apical dens lysosomal granuels (black arrow). Notice dilated rER (r), thickened basement membrane (white arrow). TEM ×4 800. 2003). NaF-induced apoptosis by oxidative stress lead to a lipid peroxidation and the release of the cytochrome C into the cytosol and further triggering of caspase cascades, leading to an apoptotic cell death (Th rane et al. 2001) . Th e presence of the vacuolations in the cytoplasm suggested TSH stimulation of the follicular cells. Several studies (Bouaziz et al. 2005; Rajkovic et al. 2006) have found that the early response of TSH stimulated thyroid follicular cells is engulfment of the colloid material from the follicular lumen into the apical cytoplasm of thyrocyte in the form of membrane bound colloid droplets, which could explain the presence of cytoplasmic vacuolations with decreased luminal colloid, which is also in agreement with the data of Bouaziz et al. (2005) . Th e degenerative changes of the follicular epithelial cells could be explained by Barbier et al. (2010) who have suggested that fl uoride interacts with a wide range of cellular processes, such as gene expression, cell cycle, proliferation and migration, respiration, metabolism, ion transport, secretion, apoptosis, and oxidative stress. Congestion of capillaries could be attributed to the high level of TSH. Th e epithelial stratifi cation of the follicular lining, observed in this work, could be a compensatory mechanism and might be attributed to an increased TSH level. TSH is responsible for the proliferative activity of follicular cells and release of growth factor that modulate folliculogenisis (Trabelsi et al. 2001) . Fluoride itself is mutagenic as it causes uncontrolled proliferation of cells (Pereira et al. 2011 ).
In the present study, at the ultrastructural level observed degenerated mitochondria could be explained by Shivarajashankara et al. (2001) who have found that lipid peroxidation induced by NaF impairs a variety of intra and extra mitochondrial membrane systems that may contribute to apoptosis. Fluoride induced major pathological changes in nuclei. Glandular over stimulation because of the breakdown of DNA and chromatins terminal kinase was involved in NaF-induced apoptosis (Rubin and Strayer 2008) . Th e observed dilation of the rough endoplasmic reticulum might be due to synthesis of secretory products greater than their removal by transport mechanisms. Th is has been according to Anuradha et al. (2001) .
Administration of curcumin in the NaF+Cur group markedly improved these morphological changes. Curcumin produced a signifi cant improvement in the thyroid histology, the follicular lumina contained colloid, and the follicular cells appeared healthy. Curcumin can modulate the production of various infl ammatory mediators, infl ammatory cytokines such as interleukin-6, and infl ammatory enzymes such as cyclooxygenase-2, thereby showing a potent anti-infl ammatory activity (Chen et al. 2008) . In this study, the diminished hyperplasia in the thyroid gland of rats aft er curcumin administration also suggested an antiproliferative activity of curcumin.
Similar inhibitory eff ect on the proliferation of thyreocytes has been described in a study dealing with the propyl-thiouracil-induced hypothyroidism in rats treated with vitamin E (Oner et al. 2003) . Curcumin exerts anti proliferative action via protein kinase C (Korutla and Kumar 1994) . Th e increased myelin fi gures and lysosomal content of the follicular cells in NaF+Cur group could simply be a refl ection of enhanced cellular secretory activity induced by high levels of circulating TSH in response to diminished synthesis of T3and T4 (Miquelis and Simon 1981) . Th ese ultrastructural fi ndings were similar to the fi nding reported by other researchers (Bouaziz et al. 2005 , Zhan et al. 2006 ).
Conclusions
Sodium fl uoride aff ected both the function and structure of the thyroid gland while curcumin protects against these toxic eff ects.
It was recommended to re-examine the safety profi le of the sodium fl uoride ratio used in fl uorination of water. More studies are also needed to fully evaluate the effi cacy and the safety of reformulated curcumin, the structural analogues of curcumin, as well as the combination of curcumin with existing therapies that might hold great promise in the future.
